Introduction
============

*Staphylococcus aureus* is a gram-positive bacterium, capable of causing infections in humans, including a variety of skin infections, as well as a variety of systemic infections such as bacteremia, osteomyelitis, ventilator-associated pneumonia, intravenous catheter-associated infections \[[@B1]\]. In the past two decades, a significant increase in the incidence of methicillin-resistant *Staphylococcus aureus* has shown in many countries in worldwide \[[@B2]\]. The high prevalence in multidrug-resistant *S. aureus* and the emergence of vancomycin resistant isolates, have led researchers to look for alternative treatment approaches, such as vaccines and therapeutic antibodies. *S. aureus* produces several virulence factors, so efforts to develop effective vaccines against this organism have been largely unsuccessful \[[@B3]\]. In this regard, many antigens have been evaluated in the search to find a vaccine with the potential to protect against staphylococcal diseases.

Clumping factor A (ClfA), a fibrinogen binding surface protein, is one of the major virulence factors which can induce clumping of *S. aureus* in blood plasma \[[@B4]\]. ClfA is an attractive target for active and passive immunization studies, because it can induce strong immune responses in rabbit and rat models of infective endocarditis and in a mouse model of septic arthritis \[[@B5]\]. There is a signal sequence for Sec-dependent secretion at the N terminus of ClfA structure, whereas the C terminus contains an LP XTG motif. Previous studies have localized the Fg-binding activity of ClfA to the N-terminal A region of this protein \[[@B6]\]. Iron surface determinant B (IsdB) is an iron-sequestering protein that is expressed in diverse *S. aureus* clinical isolates \[[@B7]\]. The biological role of IsdB has been demonstrated in numerous studies, suggesting that IsdB is a major virulence factor of *S. aureus* \[[@B7]\]. Previous studies have identified IsdB as a candidate vaccine against *S. aureus* infections \[[@B8]\]. Immunological studies on IsdB binding regions determined that amino acids residues 130 to 454 of IsdB protein are required for binding, and monoclonal antibodies (MAbs) bind to this portion effectively \[[@B9]\]. *S. aureus* also produces the gamma hemolysin toxin, which functions as two component toxin in the disruption and lysis of erythrocytes and leukocytes \[[@B10]\]. Gamma hemolysin locus (Hlg) contains three open reading frames, *h1ga*, *hlgb*, and *hlgc* genes. The three encoded proteins are all translated with a single sequence \[[@B10]\]. IgG antibody levels against gamma hemolysin B (HlgB) were higher in *S. aureus* infected patients than in healthy individuals \[[@B11]\]. Gamma hemolysin is produced by more than 99% of *S. aureus* strains \[[@B12]\]. As elucidated above, ClfA, IsdB, and Hlg play key roles in the pathogenesis of *S. aureus* infections. Therefore, in the present study, we designed a novel multi-subunit antigen that provides a suitable and safe vaccine candidate against *S. aureus* infections. Advanced analysis for vaccine development, such as *in silico* tools and bioinformatics database can be applied for vaccine development against many bacterial infections \[[@B13]\].

Briefly, three putative antigenic determinants of ClfA, IsdB, and Hlg, were bound together by two hydrophobic linkers. Then, chimeric protein structure was analyzed through an *in silico* approach. The results are discussed in the following paragraphs.

Materials and Methods
=====================

Sequences, databases and structure design
-----------------------------------------

Related sequences for *clfA*, *isdB*, and *hlg* genes were obtained from publicly available sequence databases, primarily from the National Centre for Biotechnology Information (<http://www.ncbi.nlm.nih.gov>). Multiple sequence alignments were performed using ClustalW software of European Bioinformatics Institute website (<http://www.ebi.ac.uk/Tools/clustalw2>), to find a common fragment in all the sequences. Antigenic sequences within the genes (*clfA*, *isdB*, and *hlg*) were selected and fused together by hydrophobic linkers to design a new synthetic chimeric gene. Online database for gene optimization was used to optimize the chimeric gene (<http://www.jcat.de/>) \[[@B14]\]. The chimeric gene was designed for cloning and expression in *Escherichia coli*. VaxiJen server was used to predict the immunogenicity of each protein alone and in combination with each other (<http://www.jenner.ac.uk/VaxiJen>) \[[@B15]\].

Prediction of mRNA secondary structure
--------------------------------------

The analysis of the messenger RNA secondary structure of chimeric gene was performed by mfold software. The portal for the mfold web server is <http://www.bioinfo.rpi.edu/applications/mfold> \[[@B16]\].

The physico-chemical parameters
-------------------------------

The physico-chemical parameters of the chimeric protein including molecular weight, extinction coefficient, half-life, instability index, theoretical isoelectric point (pI), grand average of hydropathy (GRAVY) and total number of positive and negative residues were obtained using the Expasy ProtParam (<http://us.expasy.org/tools/protparam.html/>) \[[@B17]\].

Secondary and tertiary structure prediction
-------------------------------------------

The protein secondary structure prediction was performed by Garnier-Osguthorpe-Robson (GOR) secondary structure prediction server \[[@B18]\]. I-TASSER *ab initio* online software (<http://zhanglab.ccmb.med.umich.edu/I-TASSER/>) was used to predict the three-dimensional structure \[[@B19]\]. The structure was validated to see the quality of the resulting stereochemistry of structure by Ramachandran plot in PROCHECK software ([http://www.ebi.ac.uk/thornton-srv/software/PROCHECK](http://zhanglab.ccmb.med.umich.edu/I-TASSER/)).

Prediction of antigenic B-cell epitopes
---------------------------------------

The amino acid sequence of chimeric protein was analyzed using the software based on B-cell epitope prediction algorithms to predict continuous and discontinuous B-cell epitopes. The first, chimeric protein was analyzed for continuous B-cell epitopes using Bcepred (<http://www.imtech.res.in/raghava/bcepred/>) \[[@B20]\]. Discotope server we then used (http://www.cbs.dtu.dk/services/DiscoTope) \[[@B21]\] to predict discontinuous B-cell epitopes from three-dimensional protein structures.

Results
=======

Sequences, databases, and structure design
------------------------------------------

The residues 500-559 in the N-terminal region of ClfA, have been reported to be involved in polyclonal antibodies generated against a ClfA recombinant protein. The amino acids residues 130 to 454 of IsdB protein are required for binding, and MAbs bind to this portion effectively. For the third fragment, the amino acid residues 26 to 76 of Hlg protein were selected. Based on sequences compared by ClustalW, N-terminal A region of ClfA (59 amino acids), IsdB (324 amino acids), and Hlg (50 amino acids) it was shown that these three parts were highly conserved among different strains of *S. aureus*. Linkers consisting of EAAAKEAAAKEAAAK repeats and DPRVPSS repeats were used to separate these three domains from each other. It was shown that helix formation can be stabilized by using these linkers between the three domains. The *Bam*HI and *Hin*dIII restriction sites for cloning in prokaryotic vectors were successfully introduced at the N- and C-terminal of sequence, respectively. Schematic diagram of protein domain structures with linker\'s sites designed is shown in [Fig. 1](#F1){ref-type="fig"}. Codon bias and GC content were calculated in both wild type and chimeric genes. The codon adaptation index (CAI) of chimeric gene was 0.99, while that of wild type gene was only 0.60.

The GC content was reduced from 45.56% to 45.06%, so it is expected an increase in the mRNA stability of the chimeric gene ([Fig. 2](#F2){ref-type="fig"}). Antigen index by VaxiJen server for ClfA, IsdB, Hlg, and chimeric gene was 0.60, 0.47, 0.58, and 0.58, respectively.

mRNA structure prediction
-------------------------

The minimum free energy for secondary structures formed by RNA molecules was appointed. All 28 structural elements obtained in this investigation showed RNA folding. ΔG of the best predicted structure was -336.80 kcal/mol ([Fig. 3A](#F3){ref-type="fig"}) and the first nucleotides at 5\' did not have a hairpin or pseudoknot ([Fig. 3B](#F3){ref-type="fig"}). In native mRNA, first nucleotides didn\'t also construct pseudoknot and the ΔG of the structure was -279.30 kcal/mol ([Table 1](#T1){ref-type="table"}).

The physico-chemical parameters
-------------------------------

The average molecular weight of chimeric protein was calculated 53.2 kDa. Isoelectric point (pI) was defined as the pH at which the surface of protein is covered with charge but net charge of the protein is zero. Acidity of the protein was indicated by pI value (pI\<7.75).

Extinction coefficient of chimeric protein at 280 nm was 59,250/M/cm. The biocomputed half-life was greater than 10 hours. Expasy ProtParam classifies the chimeric protein as stable protein with instability index, 30.11. Aliphatic index and GRAVY of chimeric protein was 67.94 and -0.806, respectively.

Secondary and tertiary structure prediction
-------------------------------------------

The chimeric protein of secondary structure was obtained by online software. In order to validate our secondary structure prediction method, first the *clfA*, *isdB*, and *hlg* were used as test sequences. We obtained predicted structural elements using software GOR IV (<http://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html>). The results show that, structural contents of protein include extended strand, random coil, and alpha helix.

Composition of secondary structure predicted for chimeric protein was 29.25% alpha helix, 25.81% extended strand, and 44.95% random coil ([Table 2](#T2){ref-type="table"}). Analysis of the amino acid composition demonstrated two regions with a low sequence complexity. These regions have linker sequences. The secondary structure prediction of the protein is shown in [Fig. 4](#F4){ref-type="fig"}. Comparative and *ab initio* modeling of the synthetic sequence was used to get the chimeric protein three-dimensional models. The three-dimensional modeled structure for protein was generated by I-TASSER software. Results of tertiary structure of the fusion protein construction using I-TASSER showed a protein with three main domains linked together with linkers ([Fig. 5](#F5){ref-type="fig"}). The confidence score (C-score) of models predicted by I-TASSER was -0.22. C-score is usually in the range of -5 to 2 and the higher the value of C-score, the higher the model confidence. In addition, the template modeling (TM)-score and root-mean-square deviation (RMSD) for this model was 0.68±0.12 and 7.7±4.3, respectively.

Analysis of chimeric protein by using the Ramachandran plot showed that 75.3% of amino acid residues from the structure modeled by I-TASSER were incorporated into the favored regions of the plot. Apart from that, 14.6% of residues were in allowed regions of the plot and 10.1% in outlier region ([Fig. 6](#F6){ref-type="fig"}).

Prediction of B-cell epitopes
-----------------------------

The chimeric protein of continuous B-cell epitopes was predicted by Bcepred software. All 20-mers in B-cell epitopes having Bcepreds cutoff score\>0.8 were selected ([Table 3](#T3){ref-type="table"}). Another selection for the chimeric protein of continuous B-cell epitopes was performed based on single characters including hydrophilicity, antigenicity, flexibility, accessibility, polarity, and exposed surface, as shown in [Table 4](#T4){ref-type="table"}. The results of this investigation included peptides and their corresponding threshold scores. The higher the threshold score means the higher the specificity and binding affinity.

Furthermore, the results show no epitope at linker sites between different domains (amino acid 60 to 75 and amino acid 410 to 417). The Discotope server used to predict the chimeric protein of discontinuous B-cell epitopes showed 90 B-cell epitope residues out of 113 total residues identified ([Table 5](#T5){ref-type="table"}).

Discussion
==========

In the past decade, increased levels of *S. aureus* strains resistant to antimicrobial agents have become an important problem in medical centers around the word. No vaccine currently exists to prevent *S. aureus* infections. So, it is urgently needed to search for finding an effective vaccine in order to prevent and reduce *S. aureus* infections, especially individuals who are at high risk for *S. aureus* infections such as patients hospitalized for long periods, undergoing surgery, suffering from chronic illnesses and dialysis \[[@B7]\]. Over the past several decades, different virulence factors have been tested as vaccines to prevent staphylococcal infections, including alpha hemolysin, PVL, ClfA, fibrinogen binding protein, enolase (laminin binding protein), and protein A. The main problem for designing an effective vaccine for *S. aureus* is that this organism can produce several potential virulence factors. But this problem can be solved using multi-component vaccines. Many studies have also demonstrated that a multi-subunit vaccine are more successful in preventing *S. aureus* infections than a mono-subunit vaccine \[[@B22]\]. The most important step is to select suitable candidate antigens for vaccine design. Appropriate candidate antigens should be expressed by the majority of clinical *S. aureus* isolates and generate strong immune response in animal models \[[@B8]\].

In present study, we selected Hlg, ClfA, and IsdB proteins that play an important role in *S. aureus* infections and are produced by more than 99% of *S. aureus* strains. For designing our chimeric vaccine as a chimeric protein, we selected epitopes from residues 500-559 of ClfA, amino acid residues 130 to 454 of IsdB, and the first 50 amino acid residues after Hlg signal peptide, because polyclonal antibodies generated against these regions. The constructed fusion proteins require suitable linkers to bind protein domains. In order to separate the different domains of our chimeric protein, linkers consisting of EAAAK repeats and DPRVPSS repeats expected to form a monomeric hydrophobic α-helix and random coil were designed. Our successful experience in using these linkers in chimeric gene has shown that it could lead to logically acceptable results \[[@B23]\]. These linkers could significantly control the distance and reduce the interference between the domains. Codon optimization has a great advantage in designing synthetic genes. We were performed codon optimization to enhance recombinant protein production in *E. coli*. CAI on the optimized gene sequence was 0.99 compared to that of the wild type gene, which was only 0.60, indicating that the optimized gene sequence could be expressed well. VaxiJen server also showed that chimeric gene was immunogenic. Messenger RNA secondary structure has a major role in the expression of proteins, such as the regulation of gene expression that is highly dependent on forming stable structures by nucleotide pairing in 5\' terminus \[[@B24]\]. We used mfold software to predict RNA secondary structure. The data from mRNA prediction showed that the mRNA was stable enough for efficient translation in the host. 5\' Untranslated regions (5\'-UTRs) of mRNAs play important roles in increasing the translation rates, half-lives, numbers of transcripts, and upregulation after heat shock. In our investigation, the first nucleotides at 5\' of mRNAs did not show a hairpin or pseudoknot and the folding free energies of 5\'-UTRs were higher than other genomic regions. Therefore, with these 5\'-UTRs of mRNAs, we can expect to increase the translation rates of chimeric protein in the host.

When we were analyzed the physic-chemical parameters of our chimeric gene by ProtParam software, the pI value (pI\<7.75) showed acidic nature of the protein. Extinction coefficient of chimeric protein at 280 nm was high. Expasy ProtParam classifies the chimeric protein as stable on the basis of instability index (instability index, 30.11). One of the most significant problems in designing a recombinant protein is to have functional properties of the protein sequence. This problem is usually solved by accurate three-dimensional structure of the protein. Our result showed that *ab initio* I-TASSER software could predict the folds and good resolution model for our chimeric protein. Both RMSD and TM-score were used to evaluate the predicted models. Expected TM-score of 0.68±0.12 validates the accuracy of model.

A correct topology model usually has a TM-score more than 0.5. Z-score and C-score also show its confidence. Both measure the deviation of the total energy of the structure with respect to an energy distribution derived from random conformations and overall model quality are determined by Z-score \[[@B19]\]. Native proteins with Z-scores outside a range characteristic indicate erroneous structures. Our chimeric structure revealed a protein with full stability based on Ramachandran plot predictions. In Ramachandran plot analysis, nearly, a negligible 2% of the residues were found to be in outliner region that could probably be due to the presence of chimeric junctions.

A crucial step in the development of bacterial vaccine based on recombinant protein is to identify B-cell epitopes. B-cell epitopes are specific regions of an antigenic surface protein. There are two different types of epitopes: continuous (linear) epitopes and discontinuous (conformational) epitopes. Bioinformatics analysis for reliably predicting continuous B-cell epitopes are very useful. In this study, we have identified continuous B-cell epitopes of the chimeric protein based on several different methods such as antigenicity accessibility, hydrophobicity, secondary structure and flexibility analysis. The analysis of all continuous B-cell epitopes was performed completely to obtain good results, without any missing. The epitopes located on protein surface could interact easily with antibodies, and they were generally flexible. Another important step in immunological studies is to identify discontinuous epitopes that are essential for antibody-antigen interaction. DiscoTope software recognized 90 conformational epitopes for B cells. DiscoTope uses tertiary structure which seems to be more reliable than other software.

In summary, we have combined several bioinformatics techniques for immunogenicity prediction of chimeric protein. Our data indicates that epitopes of our chimeric protein, designed from ClfA, IsdB, and Hlg of *S. aureus* could induce B-cell-mediated immune responses successfully. Therefore, our chimeric protein is suggested as a vaccine candidate against *S. aureus* infections. As the next steps to complete the initial studies on vaccine development, were recommend *in vitro* synthesis and *in vivo* experimental studies to test the efficacy of the chimeric protein.
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![Schematic representation of *Staphylococcus aureus* antigenic construct consists of *clfA*, *isdB*, and *hlg* genes bound together by appropriate linkers for expression in *Escherichia coli*.](cevr-4-99-g001){#F1}

![Analysis of wild type and optimized chimeric gene based on codon usage.](cevr-4-99-g002){#F2}

![(A) Prediction of RNA secondary structure of chimeric gene using mofld algorithm. (B) Predicted structure has no hairpin and pseudo knot at 5\' site of mRNA.](cevr-4-99-g003){#F3}

![Graphical results for secondary structure prediction of chimeric protein. Purple, red, and blue colors indicate extended strand, coil, and helix, respectively.](cevr-4-99-g004){#F4}

![Modeled structure of chimeric protein by I-TASSER software. The three-dimensional modeled structure generated by I-TASSER software showed a protein with three main domains linked together with linkers.](cevr-4-99-g005){#F5}

![Validation of protein structure using Ramachandran plot. The Ramachandran plot shows that 75.3% of amino acid residues from modeled structure were incorporated in the favored regions of the plot. Fourteen point six percentages of the residues were in allowed regions of the plot and 10.1% of residue in outlier region.](cevr-4-99-g006){#F6}
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Free energy details related to 5\' end of chimeric gene mRNA structure by mfold web server

![](cevr-4-99-i001)

###### 

Percentage of secondary structure elements of chimeric and single proteins

![](cevr-4-99-i002)

Values are presented as percentage.
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B-Cell epitopes from full length proteins using Bcepred
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Epitopes predicted in chimeric protein by different parameters based on Bcepred software
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Conformational B-cell epitopes from full length proteins using DiscoTope server
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